A novel type of regulation that governs mRNA translation has been suggested as the basis for the inducible expression of chloramphenicol-resistance genes (cat genes) that commonly occur in Gram-positive bacteria (1). cat genes specify CAT, an intracellular enzyme that catalyzes the acetylation of chloramphenicol and thereby eliminates the antibiotic activity of the drug. cat genes identified in Gram-positive bacteria are inducible with chloramphenicol, and certain of these genes are also inducible with the antibiotic amicetin (2, 3) . Both inducers are known to interact with the 50S ribosomal subunit (4). The key regulatory element for inducible cat genes is a pair of inverted-repeat sequences that precede the coding sequence and span the ribosome binding site (RBS) (1, 5, 6). As a consequence of these inverted repeats, cat transcripts are predicted to sequester the RBS in the stem of a stable RNA stem-loop. The RNA stem-loop is thought to block translation of the cat mRNA, because the sequestered RBS seems unavailable to base-pair with 16S rRNA (1). Induction has been proposed to result from destabilization of the RNA stem-loop, which frees the cat RBS, permitting translation of the mRNA (1, 5). Amicetin induction of the plasmid gene cat-86 fails to occur in mutants of Bacillus subtilis whose ribosomes are insensitive to the inducer (3). Thus, ribosomes probably play an essential role in destabilizing the RNA stem-loop. A current model for cat induction supposes that ribosomes initiate translation of a short peptide at a site upstream of the stem-loop (6, 7). This delivers the ribosomes into the RNA stem-loop, resulting in disruption of the secondary structure. Although the role of chloramphenicol and amicetin in cat induction is not totally clear, it has been speculated that binding of these inducing antibiotics to ribosomes may facilitate translation of the short leader peptide or may stall translating ribosomes within the RNA stem-loop. In many respects cat induction seems similar to a mechanism through which erythromycin is believed to induce expression of erm, a gene governing inducible resistance to erythromycin in Gram-positive bacteria (8).
in Bacillus subtilis. Inducibility has been suggested to result primarily from activation of the translation of cat-86 mRNA by subinhibitory levels of chloramphenicol. To directly test the involvement of transcription in cat-86 induction, the gene was transcriptionally activated with a strong promoter, resulting in the synthesis of relatively high levels of cat-86 mRNA in uninduced cells. When RNA synthesis was blocked with rifampin (100 ,ug/ml), de novo inducibility of cat-86 by chloramphenicol could be demonstrated for more than 30 min. These results indicate that concurrent transcription is not essential for cat-86 induction. Accordingly, cat-86 is one of only a few inducible bacterial genes in which the primary form of regulation is at the translational level. This form of regulation may apply to other cat genes of Gram-positive origin whose expression is also inducible by chloramphenicol.
A novel type of regulation that governs mRNA translation has been suggested as the basis for the inducible expression of chloramphenicol-resistance genes (cat genes) that commonly occur in Gram-positive bacteria (1). cat genes specify CAT, an intracellular enzyme that catalyzes the acetylation of chloramphenicol and thereby eliminates the antibiotic activity of the drug. cat genes identified in Gram-positive bacteria are inducible with chloramphenicol, and certain of these genes are also inducible with the antibiotic amicetin (2, 3) . Both inducers are known to interact with the 50S ribosomal subunit (4) .
The key regulatory element for inducible cat genes is a pair of inverted-repeat sequences that precede the coding sequence and span the ribosome binding site (RBS) (1, 5, 6) . As a consequence of these inverted repeats, cat transcripts are predicted to sequester the RBS in the stem of a stable RNA stem-loop. The RNA stem-loop is thought to block translation of the cat mRNA, because the sequestered RBS seems unavailable to base-pair with 16S rRNA (1). Induction has been proposed to result from destabilization of the RNA stem-loop, which frees the cat RBS, permitting translation of the mRNA (1, 5). Amicetin induction of the plasmid gene cat-86 fails to occur in mutants of Bacillus subtilis whose ribosomes are insensitive to the inducer (3). Thus, ribosomes probably play an essential role in destabilizing the RNA stem-loop. A current model for cat induction supposes that ribosomes initiate translation of a short peptide at a site upstream of the stem-loop (6, 7) . This delivers the ribosomes into the RNA stem-loop, resulting in disruption of the secondary structure. Although the role of chloramphenicol and amicetin in cat induction is not totally clear, it has been speculated that binding of these inducing antibiotics to ribosomes may facilitate translation of the short leader peptide or may stall translating ribosomes within the RNA stem-loop. In many respects cat induction seems similar to a mechanism through which erythromycin is believed to induce expression of erm, a gene governing inducible resistance to erythromycin in Gram-positive bacteria (8) .
Analysis of cat-86 induction has provided substantial genetic evidence suggesting that chloramphenicol may be necessary for translation of cat-86 mRNA (summarized in ref. 9 Two versions of the promoter cloning plasmid pPL703 (10) were used. In pPL703-Spac, the cat-86 promoter-indicator gene was activated with the spac-I promoter (11) . spac-I is a strong promoter, and the resulting maximum specific activity of the product of cat-86, CAT, was approximately 7 (see below for units) when the gene was induced with chloramphenicol (2 ,ug/ml) for 1 hr. In pPL703-P2, a restriction fragment containing promoter P2 served as promoter for cat-86; the maximum specific activity of CAT specified by pPL703-P2 was 0.6 when gene expression was induced with chloramphenicol for 1 hr (12) .
spac-I is a synthetic promoter consisting of the -35 and -10 recognition sites of an early SPO1 promoter with the Escherichia coli lac operator inserted 3' of the -10 sequence (11). Transcription from spac-I in B. subtilis is blocked by adding rifampin to cells at 100 ,g/ml. This was shown by inserting pPL703-Spac into a uracil-requiring mutant of B. subtilis. Two minutes after rifampin addition, incorporation of [3H]uracil ceased. Addition of chloramphenicol (2 ,ug/ml) Abbreviations: CAT, chloramphenicol acetyltransferase; RBS, ribosome binding site; bp, base pair(s).
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to the cells did not restore RNA synthesis, as measured by [3H]uracil incorporation.
Estimation of cat-86 mRNA Levels. The 387-base-pair (bp) Bcl I-HindIII region of cat-86 was inserted into phage M13 mp9. Resulting single-stranded M13 phage contain the sense strand of cat-86. The DNA was labeled by synthesizing a radioactive complement to the viral sequences, using the Klenow fragment of DNA polymerase I and the hybridization probe primer (Bethesda Research Laboratories, catalog no. 82385A). RNA isolation and dot blot analysis were as previously described (7, 12) . Decay of cat-86 mRNA was measured by blocking cellular RNA synthesis with rifampin (100 Ag/ml). RNA isolated at 2, 10, 15, and 20 min after inhibition was used for dot blot analysis. Hybridization intensities were quantitated by densitometric scanning. cat-86 mRNA half-life measurements were made on RNA from BR151 containing pPL703-Spac or pPL703-P2. These cells were grown without chloramphenicol.
CAT Assays. Enzyme activity was assayed by the colorimetric procedure of Shaw (13) . Protein was measured by the method of Bradford (14) . CAT specific activity is expressed as ,mol of chloramphenicol acetylated per min per mg of protein at 250C. NaDodSO4/Polyacrylamide Gel Electrophoresis. The procedure followed was that of Laemmli (15); separation gels were 12% acrylamide.
RESULTS
Induction of cat-86 in Rifampin-Inhibited Cells. cat-86 is the indicator gene in the B. subtilis promoter cloning plasmid pPL703 (Fig. 1) . Expression of cat-86 in this plasmid requires the insertion of a promoter into the multicloning-site linker located 144 bp upstream from the cat-86 coding sequence. The nucleotide sequences essential to inducible expression of cat-86 have been shown to reside in the 144-bp region between the linker and the coding sequence (17) . Accordingly, expression of cat-86 is always chloramphenicol-inducible regardless of the promoter that is used to transcriptionally activate the gene.
Versions of cat-86 that are activated by a strong promoter such as spac-I or by a much weaker promoter such as P2 specify detectable levels of cat-86 mRNA in B. subtilis cells not exposed to chloramphenicol (Fig. 1) . Since spac-I directed the synthesis of about 40-fold higher levels of cat-86 mRNA in uninduced cells than did P2, we tested the ability ofchloramphenicol to induce translation of the pPL703-Spacspecified RNA. Log-phase cells of BR151(pPL703-Spac) were treated with rifampin (100 ,ug/ml) and after 2 min, chloramphenicol was added to 2 ,g/ml. The cells were then periodically assayed for CAT. The results indicate that the presence of the RNA-synthesis inhibitor permitted a normal induction of CAT activity (Fig. 2) . Similar results were obtained when streptolydigin (100 ,ug/ml) was substituted for rifampin and when spac-I was replaced with another strong promoter, P4 (12) .
If chloramphenicol were inducing translation of cat-86 mRNA, we would anticipate that the rate of decline of cat-86 induction after inhibition of RNA synthesis might parallel the physical decay of cat-86 mRNA. However, data in Fig. 3 show that, after rifampin inhibition, inducibility declined more slowly than the physical half-life of the mRNA, determined in separate experiments to be 8 ± 0.5 min. This result can be explained by assuming that spac-I caused the synthesis of amounts of cat-86 mRNA far in excess of that needed to achieve induction. For example, when cat-86 mRNA levels are very high, perhaps only a fraction of the molecules are actually complexed with chloramphenicol-bound ribosomes that are involved in destabilization of the stem-loop structure. If this explanation were correct, the longevity of cat-86 inducibility would diminish if Spac were replaced with a weaker promoter that caused the synthesis of much lower were pretreated with rifampin at 100 ,g/ml for 2 min and then induced with chloramphenicol at 2 ,ug/ml in the presence of rifampin (+ Rif, Cm). Controls included cells induced without rifampin (+ Cm) and uninduced cells incubated in the presence of (+ Rif) or absence (-Rif) of rifampin. CAT was assayed after cell disruption as described (1). levels of cat-86 mRNA. Therefore, we tested the inducibility of cat-86 in pPL703-P2, using BR151 cells as host as outlined in Fig. 2 (Fig. 4) . However, the subsequent decrease in cat-86 inducibility was very rapid, appearing to decline more quickly than the physical half-life of cat-86 mRNA. Decay of mRNA is thought to result from endonucleolytic cleavage within mRNA molecules, followed by or concurrent with exonuclease digestion (18) (19) (20) . Our measurements of the physical half-life reflect the loss of hybridizable sequences due to exonuclease digestion. However, induction of an mRNA molecule can be abolished, in theory, by a single endonucleolytic break. Hence, when cat-86 mRNA is limiting, inducibility might be expected to decline more rapidly than the loss of cat-86 RNA sequences.
Induction of cat-86 After Host Protein Synthesis Has Largely
Ceased due to Rifampin Inhibition. The observation that cat-86, in pPL703-Spac, remained chloramphenicol-inducible long after rifampin inhibition of RNA synthesis suggested that induction was occurring in cells whose overall protein synthesis was greatly diminished due to mRNA decay. To test this, BR151 (pPL703-Spac) cells were exposed to rifampin (100 ,ug/ml) and samples were removed immediately (0 time), after 15 min in rifampin, and after 30 min in rifampin. Half of each sample was induced with chloramphenicol (2 ,ug/ml) for 15 min. Throughout the 15-min incubation, both the induced and uninduced halves of each sample were exposed to [35S]methionine, and the presence ofrifampin was maintained throughout the experiment. After the 15-min incubation, the total soluble protein was isolated from each sample and subjected to NaDodSO4/PAGE and autoradiography. The results of this experiment show that when the cells are treated with rifampin and chloramphenicol simultaneously, the inducible CAT polypeptide is detected along with an array of polypeptides whose synthesis is not chloramphenicol-inducible (Fig. 5) . Lysates derived from cells incubated in rifampin for 15 and 30 min prior to chloramphenicol induction contained the inducible CAT polypeptide, indicating that this protein is inducibly synthesized long after cessation of RNA synthesis. However, the numbers of non-CAT polypeptides synthesized was greatly reduced in the 15-and 30-min samples presumably because of decay of the mRNAs for these non-CAT polypeptides (Fig. 5) of the non-CAT polypeptides detected in the zero-time sample were also detected in the cells that had been incubated for 30 min in rifampin. We presume these peptides are the translation products of mRNA molecules that have a long half-life or are highly abundant. The nucleotide sequence of cat-86 predicts the protein product will have a molecular weight of 26,000, assuming the protein is not processed after synthesis (21) . However, the chloramphenicol-inducible polypeptide detected in Fig. 5 has an apparent molecular weight of 23,000, which may indicate an anomalous rate of migration of the protein in the gel system or could indicate processing of the CAT peptide after synthesis. In order to unambiguously establish that this chloramphenicol-inducible peptide was the direct product of cat-86, a 595-bp deletion was made in pPL703-Spac by digestion with Xba I and ligation. This Xba I deletion removes all the cat-86 coding sequence 3' of codon 31 (21) . When this plasmid, pPL703AXba-Spac, was used to direct chloramphenicol-inducible protein synthesis in rifampinblocked cells, the Mr 23,000 peptide was absent (Fig. 6) . Thus, the chloramphenicol-inducible peptide appears to be the product of the cat-86 gene. was then added to 10 ,uCi/ml and a portion of each culture was induced for 15 min with chloramphenicol (2 ,ug/ml). The cells were lysed, and the lysates were subjected to electrophoresis and autoradiography as in Fig. 5 . Only the relevant region of the autoradiogram is shown.
DISCUSSION
which the gene product is needed within the cell and the rates of synthesis and decay of the corresponding mRNA. Use of the spac-I promoter probably produces an imbalance, allowing the testing of the translational control model. We suspect the mechanism governing chloramphenicol induction of cat-86 is representative of the regulatory mechanism governing induction of all inducible cat genes that have been examined. Independent studies of the induction of the pC194 and the pUB112 cat genes are consistent with this interpretation (5, 6) .
Our studies do not eliminate the possibility that a minor aspect of the inducible regulation of cat-86 is at the transcriptional level. For example, Ambulos et al. (22) demonstrated that the RNA stem-loop that sequesters the cat-86 RBS functions as a weak transcription-termination signal in B. subtilis. It remains unclear whether the termination activity of the RNA stem-loop is relieved during chloramphenicol induction. However, the published evidence (22) suggests that if chloramphenicol induction does relieve termination, the effect is minor and may not contribute significantly to the inducible regulation.
Regulation of mRNA translation is an uncommon form of gene control in prokaryotes, although other examples have been reported (8, (23) (24) (25) . In the case of induction of cat by chloramphenicol or erm by erythromycin, the ribosome is clearly the cell sensor for the presence of the inducing antibiotic in the environment. When ribosomes detect low levels of an inducing antibiotic such as chloramphenicol, the drug-modified ribosomes participate in activating a gene that confers high-level chloramphenicol resistance, cat. Since the induction of both cat and erm primarily reflects activation of mRNA translation, perhaps this form of gene regulation provides a more rapid response to the presence of potential inhibitory antibiotics than can be achieved by transcriptional regulation.
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